Supplying energy to gaseous medium leads to the dissociation of molecular bonds, resulting in the generation of fully or partially ionized gases commonly known as plasma[@b1][@b2][@b3][@b4][@b5]. Plasma is a ionized gas consisting of positive and negative ions, electrons as well as neutral atoms and molecules (e.g. radicals) and ultraviolet radiations depending on the ionized gas[@b2]. Soft plasma jet is now the center of attraction due to its significant industrial advantages over low-pressure discharge and thus offering many biomedical applications[@b6]. There are various studies on the effect of non-thermal plasmas for the inactivation of micro-organisms, wound healing, blood coagulation, skin regeneration, tooth bleaching and action against cancer cells[@b7][@b8][@b9][@b10][@b11][@b12][@b13][@b14][@b15]. These results are based on plasma created reactive agents including UV photons, reactive oxygen species (ROS), reactive nitrogen species (RNS), charged particles and electric fields[@b1][@b2][@b3][@b4][@b5][@b6][@b7][@b8][@b9][@b10][@b11][@b12][@b13][@b14][@b15]. The APPJ exposure on the DNA molecule are studied for short intervals showed that it results to the DNA damage[@b16][@b17][@b18][@b19][@b20]. Recently Han et al.[@b19], reveals that APPJ can damage the aqueous plasmid DNA. DNA break increases as distance between the DNA and APPJ decreases and treatment time increases. Furthermore, lysozyme in the aqueous solution revealed the change in the structural information of enzyme, after plasma treatment[@b21]. Moreover, studies have been reported for the horseradish peroxidase inactivation and heme degradation induced by discharge plasma[@b22]. Hence, structural modifications in biomolecules on treatment with reactive species or free radical may vary from biomolecule to biomolecule.

In order to study the effect of soft plasma, we have studied direct effect of plasma on heme proteins such as Hemoglobin (Hb) and Myoglobin (Mb). These proteins are involved in the electron transfer and transport of oxygen in life processes. Certainly the most broadly studied allosteric protein found in nature is Hb[@b23]. Hb constitutes of seven non-helical and helical segments each in an α-chain, while each β-chain has eight helical and six non-helical segments[@b24]. While, Mb is a fairly compact globular protein whose backbone structure consists of eight α-helical segments[@b25]. Hence, it is interesting to study these protein modifications using soft plasma as model proteins.

During the study of living cells in the presence of plasma, one of the main reasons for the cell death is DNA damage[@b26][@b27][@b28]. One of the explanations of DNA damage is related to the radical attack that involves metabolic changes in the cell and results to the initiation of nucleases capable of degradation of DNA. Breaking of single and double DNA-strand[@b26][@b27] a consequence of the reaction with ROS is responsible for blocking the replication process that ultimately leads to the cell death[@b28]. There might also be possibility of formation of the modified nitrogen bases on the reaction of ROS with DNA. Guanine (a component of a nucleoside, nucleotide, or polynucleotide (DNA, RNA)) in its free state, is susceptible to oxidation at C8 position, and attack of ROS generated by plasma, thus results in formation of 8-oxoguanine or 8-oxoG ultimately leading to structural changes of DNA[@b28][@b29][@b30][@b31][@b32].

Due to oxidative stress, the modification of DNA, proteins, lipids and carbohydrates are occurred[@b33][@b34]. Amino acid residues in proteins are highly susceptible to oxidation by ROS which are present as by-products of normal metabolic processes, pollutants in the atmosphere and produced by exposure to different type of irradiation[@b34][@b35]. In order to understand the mechanisms of these ROS-mediated oxidations, many research groups explored the exposure of ionizing radiation to the solutions of amino acids, peptides, and proteins[@b35]. It was observed that OH radical dependent abstraction of a hydrogen atom from the α-carbon of amino acids, aliphatic side chains of hydrophobic amino acid residues of protein and from the protein polypeptide backbone seem to be the possible initial sites of attack[@b31][@b32][@b36]. There are some studies of the plasma action on amino acids by different research groups[@b37][@b38][@b39][@b40]. They observed the disulfide linkage formation and hydroxylation of amino acids after the plasma treatment. Very recently, Takai et al.[@b40], found that APPJ can modify the 14 amino acids. They observed the hydroxylation, nitration, sulfonation, disulfide linkage formation and amidation in amino acids after the APPJ treatment using high resolution mass spectroscopy. However, there was no qualitative and quantitative analysis of the new groups originated after the plasma treatment using different type of gases.

Therefore, in this work we have tried to throw some light on the aspect that how the ROS/RNS created by the soft plasma affect the biomolecules directly. Modification of biomolecules such proteins (Hb and Mb) were studied by using circular dichroism (CD) (structural and thermal analysis), differential scanning calorimetry (DSC), fluorescence spectroscopy, protein oxidation, gel electrophoresis, UV-vis spectroscopy, dynamic light scattering (DLS) and 1D NMR. Additionally, we can locate the attacking site of H~2~O~2~ on proteins using docking studies. Modification or oxidation of calf thymus DNA was studied by CD analysis and DNA oxidation. At last, we studied the amino acid modification using the most efficient technique such as Liquid Chromatograph/Capillary Electrophoresis- Mass Spectrometer (LC/CE-MS) based qualitative and quantitative analysis.

Results
=======

There are many studies highlighting the effect of ROS and RNS produced by plasma sources on the cells and tissues, while to gain an in-depth insight, the interaction of plasma with the involved biomolecules directly becomes necessary.

Reactive species generated using plasma in water and optical emission spectroscopy of a APPJ in the presence of different feeding gases
---------------------------------------------------------------------------------------------------------------------------------------

We have studied some important reactive species (RS) generated from the plasma in the presence of different feeding gases, as illustrated in [Fig. 1](#f1){ref-type="fig"}. In the water solution, we have studied the H~2~O~2~, NO, ONOO^−^ and OH radicals. We observed that level of H~2~O~2~ and OH radicals are highest for N~2~ plasma; followed by Ar plasma and least with Air plasma. From [Figs. 1d](#f1){ref-type="fig"} and [S1](#s1){ref-type="supplementary-material"}, we observed the generation of HTA (hydroxyterephthalic acid) from TA (terephthalic acid) in the presence of different gases, that is directly linked with the generation of OH radicals[@b41]. [Fig. S1](#s1){ref-type="supplementary-material"}, shows that the fluorescence intensity at ≈425 nm is highest for N~2~ gas plasma as compared with the Ar and Air plasma, this reveals that OH radicals are generated in N~2~ plasma more than other gas plasma. On contrary, the concentration of NO is found out to be maximum in Air plasma, than in N~2~ plasma and least in the Ar plasma. Moreover, other radical also play an important role, therefore we recorded the optical emission spectra (OES) of the soft plasma.

APPJ in Air, N~2~ and Ar gas plasma are functioning at atmospheric pressure have been shown to generate various types of radicals as shown in [Figs. S2 to S5](#s1){ref-type="supplementary-material"}. We observed strong emission lines from a molecular NO β, γ system for N~2~ and Ar gas whereas weak lines between 200 and 250 nm were observed for the Air plasma. The N~2~ second-positive system (C^3^Π~u~--B^3^Π~g~) were observed in all gases (Air, N~2~ and Ar) plasma. The N~2~ first positive system (B^3^Π~g~--A^3^Π~u~^+^) observed between 400--500 nm was also observed in case of the Air plasma. However, atomic O spectra were only observed for the Air plasma at 552.91 and 776.05 nm, due to the higher gas temperature in O~2~ plasma. Hence, the number of electrons decreased during the formation of oxygen ions, that results in the shorter lifetime of active molecules found in Air plasma due to collisional quenching by oxygen[@b42][@b43]. We have also observed the Ar emission lines from 697.04 nm to 912.94 nm, as shown in [Fig. S4](#s1){ref-type="supplementary-material"}. The OES at ≈337 nm for NO/N~2~[@b44] in [Fig. S5](#s1){ref-type="supplementary-material"}, also supports the more generation of NO in Air plasma as compared to Ar and N~2~ plasma. Additionally, we have also studied the changes in pH and temperature of the solution after the 3 min treatment in all gases, as shown in [Fig. S6](#s1){ref-type="supplementary-material"}.

CD spectral analysis and Melting temperature (T~m~)
---------------------------------------------------

To obtain a detailed understanding of the degree of modification using soft plasma on Hb and Mb, we further performed CD experiments[@b23]. As seen from [Figs. 2a, b](#f2){ref-type="fig"}, the far-UV CD spectra of proteins indicates the deformation of mainly secondary structure of proteins due to different feeding gases. The CD spectrum is typical for a polypeptide chain, with two well-pronounced minima at ≈210 and ≈222 nm for proteins in water suggesting that the polypeptide chain is mostly organized in α-helix conformation[@b23]. The results in this [Table 1](#t1){ref-type="table"} clearly reveal that after the Air plasma treatment the α-helical structure of both Hb and Mb increases and β-sheet decreases. Whereas, after the N~2~ and Ar plasma treatment the decrease in α-helical structure and increase in β-sheet as compared to without treated proteins. Further, a more closer look at the observations reveals that the decrease in α-helical structure is more for Mb than Hb in the presence of N~2~ plasma. After the exposure of Air plasma to both proteins (Hb and Mb), their structure becomes compact and % of α-helical structure increases, whereas in case of N~2~ and Ar plasma modification of α-helix to β-sheet or random coil occurs. We also checked the structural changes of Hb and Mb at pH 4.8 and didn\'t observed any significant structural changes (data not shown), hence the observed structural changes after the plasma treatment are not due to the pH change in water. We have also measured the spectra of Hb and Mb in the presence of H~2~O~2~ at different concentration from 40 μM to 200 μM, as illustrated in [Fig. S7](#s1){ref-type="supplementary-material"}. From the [Fig. S7](#s1){ref-type="supplementary-material"}, we observed, slightly change in the secondary structure of both proteins at 100 and 200 μM.

Further, to investigate the thermal stability of proteins, we have studied the DSC and CD thermal analysis.The results are displayed in [Figs. S8--S11](#s1){ref-type="supplementary-material"} and [Table S1](#s1){ref-type="supplementary-material"}, which reveal that the decrease in T~m~ values (the temperature at which 50% of the proteins are unfolded) of Hb and Mb is seen in the presence of soft plasma with different feeding gases. The observed T~m~ of the Hb control without treatment is found to be ≈66.37°C and 66.20°C according to DSC and CD thermal analysis, respectively, while after the Air plasma it decreases to ≈65.10°C and 65.01°C, N~2~ plasma has T~m~ ≈ 59.25°C and 59.10°C, Ar plasma has T~m~ ≈ 61.75°C and 61.59°C as studied by DSC and CD thermal analysis respectively. Hence, we can see clearly there is a slight difference in the T~m~ values from DSC and CD thermal analysis. Similarly, we observed the in T~m~ of Mb after the treatment with plasma, but the decrease is less for Mb as compared with Hb, as shown in [Table S1](#s1){ref-type="supplementary-material"}.

Fluorescent analysis for Heme degradation and protein oxidation
---------------------------------------------------------------

We have studied the heme degradation using the previously reported method[@b22][@b45][@b46], providing the excitation at 321 nm and emission at 460 nm as shown in [Figs. 2c and d](#f2){ref-type="fig"} for Hb and Mb, respectively. The fluorescence intensity at 460 nm was used as a measurable index for heme degradation[@b45][@b46]. We observed that the fluorescence intensity increases in order N~2~ \> Ar \> Air plasma, which shows that N~2~ plasma has more influence in heme degradation. We have performed additional experiments at different concentration of H~2~O~2~ from 40 μM to 200 μM, as displayed in [Fig. S12](#s1){ref-type="supplementary-material"}. In [Fig. S12](#s1){ref-type="supplementary-material"}, we found an increase in fluorescence intensity as the concentration of H~2~O~2~ increases. If we compared the fluorescence intensity of N~2~ plasma with 200 μM of H~2~O~2~ for both proteins Hb and Mb, it is interesting that N~2~ plasma has high intensity than 200 μM of H~2~O~2~. Hence, the heme degradation is also affected by other radicals and parameters other than H~2~O~2~. For heme degradation the oxidation plays an important role, so we have further studied the protein oxidation using various techniques.

Protein oxidation, gel electrophoresis, UV-vis spectroscopy and DLS measurements
--------------------------------------------------------------------------------

The increase in the level of ROS/RNS may consequence in oxidative stress. Protein carbonyls are generally used as an indicator of oxidative stress. Therefore, we have studied the protein oxidation in the presence of Air, N~2~ and Ar plasma with 2,4-dinitrophenylhydrazine (DNPH), as displayed in [Fig. 3](#f3){ref-type="fig"}, to understand the oxidative stress due to plasma. As we have discussed earlier in the CD section that N~2~ and Ar plasma have a maximum decrease in α-helix structure as compared to the control. Similarly, protein oxidation levels were found to be high in the presence N~2~ and Ar plasma. Additionally, we have also studied the oxidation at 60 μM of H~2~O~2~ to check the influence of H~2~O~2~ on the oxidation of Hb and Mb. These results reveal that oxidation at 60 μM of H~2~O~2~ is less compared with plasma oxidation. Whereas, for both proteins Hb and Mb, the level of oxidation by plasma is approximately same, which may be possibly due to similar family proteins. Further, to see more clearly the action of soft plasma with different feeding gases on proteins, we have studied the gel electrophoresis.

Using gel electrophoresis, we predicted the molecular weight change of the Hb and Mb proteins in the presence of soft plasma with different gases. The results are summarized in [Fig. S13](#s1){ref-type="supplementary-material"}. Our results reveal that Hb and Mb bands are very thin in the case of N~2~ and Ar plasma that leads to denaturation of Hb and Mb native structure due to excess protein oxidation. These results are very well correlate with the Xiao et al.[@b47], that excess ROS increases the BSA fragmentation that results in thinner bandwidth on SDS-PGE electrophoresis and western blotting. Further, we also detected that bandwidth is thinner for the Hb as compared to Mb. This further supports our above data that the change in the structure of the Hb is more as compared to the Mb structure after N~2~ and Ar plasma. Whereas, the gel bandwidth has become thicker for both Hb and Mb proteins in the presence of Air plasma. This reveals that in the presence of the Air plasma the intensity of the bandwidth increases due to the formation of higher molecular weight carbonyls, similar behaviour is observed by the Chesne et al.[@b48], for BSA oxidation.

The heme group is submerged in a hydrophobic pocket within the protein\'s interior. This interaction of the heme with the protein structure results in the soret band, a strong absorbance peak in the visible spectrum at ≈409 nm for Hb and Mb, the results are shown in [Figs. S14a and b](#s1){ref-type="supplementary-material"}. Upon denaturation of Hb or Mb, there occurs a decrease in absorbance or shift in the soret band peak owing to the exposure of heme to the polar aqueous solvent. We have observed that there is a slight red shift with quenching for the both Hb and Mb proteins in the presence of N~2~ plasma. Whereas, we didn\'t observe any change for the Air and Ar plasma, which was same as the control. In the another experiment to monitor the effect of H~2~O~2~, we have treated both proteins Hb and Mb with different concentration of H~2~O~2~, shown in [Figs. S14c, d](#s1){ref-type="supplementary-material"}. We observed that there is no change in soret band for Hb, when the H~2~O~2~ concentration increases from 40 μM to 200 μM. While, for Mb we observed slight red shift for 100 and 200 μM of H~2~O~2~. These data reveal that soret band from Hb has less affected as compared with Mb soret band for the same concentration of H~2~O~2~.

Latter, in order to understand the change in structural size of proteins (Hb and Mb) after the plasma treatment, we have studied the DLS studies, the results are as shown in [Table S2](#s1){ref-type="supplementary-material"}. We observed that after the treatment of N~2~ and Ar plasma, Hb or Mb gets denatured or oxidized, so that the particle size of Hb or Mb increased. While for the Air plasma the Hb or Mb size is approximately the same as control. The increase in size of Hb and Mb is due to protein aggregation, the other groups[@b49][@b50][@b51] also supported this data that protein size increases due to protein aggregation that is the result of protein oxidation. Hence, this further provides an evidence that the oxidation or modification of protein are in control way, for Air plasma treatment as compared to other gases treatment.

Investigation of binding site interacting residues through molecular docking and NMR studies
--------------------------------------------------------------------------------------------

According to the previously reported work[@b22][@b45][@b46] and our above experimental work, we can conclude that H~2~O~2~ is one of the major species for heme degradation. Therefore, in this study, we performed molecular docking study to investigate if H~2~O~2~ modulates the target, and identifies the binding site active pocket against the well-known human molecular target Hb and Mb protein receptor. This is theoretically validated by computational simulation process. The molecular docking technique is used to show the molecular insight of interacting compound with that of the target protein. This process is used to display the molecular interaction and also measured the interaction in terms of docking score or docking energy. Using molecular docking simulations, we successfully elucidate the orientations and binding affinities (in terms of docking score refer here as 'total score\') of H~2~O~2~ against molecular target Hb and Mb protein receptor.

The docking results for compound H~2~O~2~ against the target protein Hb exhibited high binding affinity docking score represented as total score of 3.1416 and also, the formation of three hydrogen bonds of length 1.9, 1.9 and 2.6 Å between backbone atoms of positively charged polar basic residue lysine (Lys)-99, backbone atom of nonpolar hydrophobic amino acid residue proline (Pro)-95 and valine (Val)-96, respectively. In this docking pose, other binding site residues within a selection radius of 4 Å from bound substrate non-polar hydrophobic residue *e.g*., phenylalanine (Phe)-98 and polar uncharged residue asparagine (Asn-97), as a result, the bound substrate showed a favourable interaction with Hb thus leading to more stability with H~2~O~2~, the results being displayed in [Fig. 4a](#f4){ref-type="fig"}. Similarly, docking results for H~2~O~2~ against the target protein human Mb receptor showed a high binding affinity docking score indicated by a total score of 2.8843 and formed a hydrogen bond of length 2.0 Å to the backbone atom of non-polar hydrophobic residue *e.g*., valine (Val-68). In the docking pose of H~2~O~2~-Mb complex, the chemical nature of binding site residues within a radius of 4 Å was nonpolar hydrophobic residues *e.g*., alanine (Ala-71), leucine (Leu-69, Leu-72 and Leu-89) and isoleucine (Ile-75), as a result, the bound substrate showed a strong interaction with Mb, thus leading to more stability with H~2~O~2~ ([Fig. 4b](#f4){ref-type="fig"}). A more deeper study of the nature of interaction of H~2~O~2~ with the binding pocket amino acid residues of the target protein, revealed that the H~2~O~2~ showed molecular interaction with conserved hydrophobic amino acid residues, in Hb and Mb active pocket ([Figs. 4a, b](#f4){ref-type="fig"}) thus leading to more stability and potency. Hence, the presence of H~2~O~2~ due to plasma treatment might be the main source of protein modification.

Therefore, to check the docking results at molecular level due to the H~2~O~2~, we investigated the 1D NMR for both Mb and Hb proteins, as illustrated in [Figs. 5](#f5){ref-type="fig"} and [6](#f6){ref-type="fig"}. Mb and Hb are the model system for protein folding[@b52][@b53][@b54][@b55][@b56]. For Hb NMR, we observed the peaks for Leu28β, Val17α (γCH~3~) Val17α (βCH~3~), Phe98α (ζCH), Tyr24α (δCH~2~), HIS:Hα, Phe98α (δCH~2~) and Tyr24α (εCH~2~) appeared at −0.81, 0.44, 1.55, 5.88, 6.19, 6.84, 7.65 and7.78 ppm in case of the Air plasma but disappeared in case of the Ar and N~2~ plasma. Peaks for Leu91α, Val62α, Val17α, heme group (5CH~3~) and Tyr42α (εCH~2~) were explicated at 0.94, 1.28, 1.55, 2.63 and 7.24 ppm and were found to be same in case of the N~2~ and Ar plasma, while the intensity was found to be enhanced in case of the Air plasma. While peaks for the Mb amino acids are following: Ala94, Val64, Ala71, Thr70, Val66, Leu69, Ser92, His66, Phe46 (CαH), His64, Phe43 (CζH), Phe33 (CεH), Phe46 (CζH), His93, Thr95 (NpH), Thr70 (NpH), Ala71 (NpH), His68 (NpH), Ser92 (NpH), Val66 (NpH)and His93 (NpH) appeared at 0.70, 0.76, 1.04, 1.59, 2.89, 3.89, 3.90, 4.05, 5.02, 5.26, 5.93,6.18, 6.27, 6.68, 7.43, 7.77, 7.96, 8.53, 8.77, 9.35 and 9.87 ppm peaks. The intensity decreases after the N~2~ and Ar plasma treatment, while the change is not much for Air plasma treatment. We have also studied the effect of 60 μM H~2~O~2~ on Hb and Mb, to check that the change in peaks are due to H~2~O~2~ or due to other radicals, results are displayed in [Figs S15 and S16](#s1){ref-type="supplementary-material"}. We observed that amino acids peaks were not altered much with the presence of H~2~O~2~, hence there are contributions from the other radicals for the structural changes of Hb and Mb after the plasma treatment are very important.

CD analysis and DNA oxidation test for calf thymus DNA
------------------------------------------------------

Further, to see the selective effect of the different feeding gases of soft plasma on biomolecules, we took calf thymus (ct) DNA into consideration.To check the effect of plasma on DNA, we have examined the DNA CD spectra. The measurement of ellipticity (θ) has been generally used to display the structural conformational changes of DNA[@b28][@b57][@b58]. The obtained changes in ellipticity in function of wavelength before and after plasma are shown in [Fig. 7a](#f7){ref-type="fig"}. Before the plasma treatment, the native DNA showed positive peak at 275 nm and negative peak at 245 nm. After the Air plasma treatment, the negative peak appeared at 245 nm and positive peak at 276 nm, with enhanced negative and positive peak intensities. Whereas with the N~2~ and Ar plasma, the negative peaks now appeared at 247 nm and 246 nm respectively, with enhanced negative intensity. In case of the N~2~ and Ar plasma, the positive peaks appeared at 280 nm and 273 nm respectively, with increase in the intensity of positive peak. We have also checked the action of 60 μM H~2~O~2~ on DNA, we detected the slight change in the structure of DNA as compared to plasma treatment. That is very well correlated with the Nowicka et al.[@b28], studied, where they observed the small change in the main positive and negative bands in presence of H~2~O~2~.

This shows that the structural deformation occured in the ctDNA after the attack of plasma radicals. Further, we then studied the test for 8-oxoguanine which is a typical oxidative base lesion[@b29][@b30]. The presence of 8-oxoguanine in the double stranded helix leads to distortion of the double helix by disturbing the circular hydrogen bonding, when compared to the undamaged double helix (we have shown above). Also, the extent of hydration increases around the polar oxygen atom at C8. Whereas, the oxidation in the presence of 60 μM H~2~O~2~ is less as compared to plasma treated DNA. From the [Fig. 7b](#f7){ref-type="fig"}, we observed the % of increase in the 8-OHdG formation and it was found that the maximum 8-OHdG was formed in case of the N~2~ plasma and the least change occurred in the presence of the Air plasma. Further, to check the effect of soft plasma in the presence of different feeding gases, we focused on amino acids.

Amino acid oxidation has studied LC/CE-MS
-----------------------------------------

Amino acid oxidative modifications can give rise to protein carbonyls such as a direct attack by RS on certain amino acid side chains[@b33][@b34][@b40][@b59][@b60][@b61]. There are many pathways for the protein carbonylation, although it is very hard to visualize the exact carbonylation in proteins. Hence, we have studied the some amino acids to check the amino acid modification using LC/CE-MS. We further investigated the qualitative amino acid analysis of glycine, L-glutamic acid, L-asparagine, L-arginine, L- alanine, L-Threonine, L-proline and L-Lysine using LC/CE-MS as illustrated in [Figs. S17--S24](#s1){ref-type="supplementary-material"}. From these Figures, we interpreted that some new compound may be generated after the plasma treatment, due to oxidation, nitration, dehydrogenation and dimerization of amino acids. While all amino acids did not respond in a similar way to the different feeding gases equally. In some cases, the oxidative products were more with some feeding gases, while in some cases, the product was not formed prominently such as L- alanine amino acid. This doesn\'t mean that there was no change in amino acid after the plasma treatment, while the change was not very significant to capture in spectroscopy in the given window. Therefore, to study the complete change in the amino acids after the treatment with different feeding gases, we have checked the quantitative analysis using LC/CE-MS as displayed in [Table 2](#t2){ref-type="table"}. We have observed that weight (μg/ml) has increased for amino acids after the treatment except the L-asparagine for N~2~ plasma treatment where the weight decreases. Moreover, there is no particular trend for increase in weight of amino acids for different feeding gases treatment. These studies are supported by the recently published work by Takai et al.[@b40], that after the treatment amino acid structure modified.

Discussion
==========

The secondary structure of both proteins (Hb and Mb) are disturbed after the plasma treatment in all gases as compared with control. We observed that α-helix has increased for Air plasma, while decreases for N~2~ and Ar plasma. And among the N~2~ and Ar plasma, the decreases in α-helix is maximum for N~2~ plasma for both proteins. While in comparison of H~2~O~2~ effect with N~2~ plasma, we observed that N~2~ plasma has much more influence on the secondary structure of Hb and Mb as compared with 200 μM H~2~O~2~. From [Fig. 1](#f1){ref-type="fig"}, we already know that the maximum concentration of H~2~O~2~ is 60 μM for N~2~ plasma, but modification level is much higher. This shows that other radicals (O~2~^−^, NO, OH and ONOO^−^) also have a strong influence on the structural modification of proteins.

Moreover, hemes are non-fluorescent, while the heme degradation yield fluorescent porphyrin degradation product[@b22][@b45][@b46]. We have evaluated the fluorescence intensity for heme degradation at ≈460 nm. We detected that fluorescence intensity for both proteins (Hb and Mb) in N~2~ plasma is higher than 200 μM H~2~O~2~ ([Fig. 2](#f2){ref-type="fig"} and [Fig. S12](#s1){ref-type="supplementary-material"}). Hence, H~2~O~2~ is one of the factors for heme degradation, but for plasma, we have other factors also that increase the heme degradation. Rifkind group observed that O~2~^−^/H~2~O~2~ radicals are responsible for heme degradation[@b45][@b46]. In another study by Huang group[@b22] found that H~2~O~2~, OH radicals and UV radiation generated during the plasma treatment plays role in acceleration of the heme degradation for horseradish peroxidase protein. In our present study, H~2~O~2~ and OH radicals are much higher for N~2~ plasma as compared with Ar and Air plasma. Hence, degradation of heme group is more for N~2~ plasma as compared with other gas plasma.

Further, results from protein oxidation test and gel electrophoresis experiment reveals that different feeding gases can produce different levels of efficiently oxidants that generate carbonyls into proteins. Carbonyl levels in proteins can be increased by non-oxidative and oxidative mechanism[@b33]. So, if we compare the carbonyl content in both proteins due to H~2~O~2~ in [Fig. 3](#f3){ref-type="fig"}. We observed that carbonyl content due to 60 μM H~2~O~2~ (the highest concentration of H~2~O~2~ observed during plasma treatment in all feeding gases, [Fig. 1](#f1){ref-type="fig"}) is much less compared to all feeding gases plasma. Among the feeding gases N~2~ and Ar gas plasma has a high level of carbonyl content as compared with Air plasma. On the other hand, we observed that Air plasma has thicker bandwidth for both proteins, while the bandwidth is thinner for the N~2~ plasma and Ar plasma. These results are explained by literature results that excess ROS increase the BSA fragmentation, that results in thin bandwidth[@b47]. While, control oxidation increase the bandwidth of BSA[@b48]. Recently published work by Ye et al.[@b50], observed that lower level of oxidation (carbonylation) could generate soluble protein aggregates that having less particle size. Whereas, higher level of oxidation would induce insoluble aggregates of protein, that results in higher molecular size. Similar results were observed for both proteins (Hb and Mb) that Air plasma has particle size is less or approximately near the control, but for N~2~ and Ar plasma the particle size in more. As we have discussed above that it is due to protein carbonylation (protein oxidation).

Whereas, except in N~2~ plasma we have not observed the quenching and red shift in UV-vis spectroscopy for soret band. In comparison with H~2~O~2~, we observed that 60 μM H~2~O~2~ has no effect on the soret band ([Figs. S14c, d](#s1){ref-type="supplementary-material"}). Hence, the presence of other radicals such as OH and ONOO^−^ are the main factors responsible for the red shift in soret band for N~2~ plasma. Our docking results also show that H~2~O~2~ gets attached and oxidizes the amino acids near the heme group, which is one of the cause for heme degradation, as supported by other groups also[@b45][@b46]. However, to check the amino acid modification in proteins (Hb and Mb), we have checked the NMR. We observed that peaks of both proteins are either shifted or vanished or become broad after the plasma treatment. While, same results we are not observed for 60 μM H~2~O~2~. This further indicated that other radicals that are generated in plasma with a combination of H~2~O~2~ has influenced on protein modification.

Moreover, the main cause of cancer cell death is DNA damage[@b62]. Hence, we have also checked the structural changes in ctDNA. The CD spectra shows that plasma have much more action of structural damage of DNA as compared with 60 μM H~2~O~2~. Similar way, the 8-OHdG formation is also high for plasma treated DNA, as compared to 60 μM H~2~O~2~ treated DNA. Although, among all the treated gas plasma, N~2~ plasma has highest oxidation level as compared to other feeding gas plasma. Therefore, all these results of both proteins (Hb and Mb) and ctDNA show that there are some changes in the amino acid structure. Hence, we have also studied amino acids and observed that after treatment either amino acids weight increases or decreases, shown in [Fig. 8](#f8){ref-type="fig"}. There are some cases like L-alanine has no effect of plasma, but might be in the given window, we have not observed the changes. Therefore, we have checked the quantitative analysis in [Table 2](#t2){ref-type="table"}, where we can observe the change in amino acids after treatment with plasma. The change in the weight of amino acids after treatment is due to oxidation, nitration, dehydrogenation and dimerization as suggested by literature[@b37][@b38][@b39][@b40].

In order to understand the mechanism of action of the plasma in different feeding gases, we considered the reactive species (RS) generated in different feeding gases to different extent. In recent work from Keider group[@b42], they observed that the change in the plasma parameter such as voltage, flow rate and composition of gas has various effects on cells reflected by cell viability, because these parameters changes the ROS/RNS level to medium. Similarly, in our present work we have changed the feeding gases, that results in different extent of modification for proteins, DNA and amino acids. Among all the gases N~2~ plasma has strong action, one of the reason is that N~2~ plasma are excited the N~2~ in metastable level of , which dissociate water molecules generating hydroxyl radicals and hydrogen atoms (detail calculation is given in [supporting information](#s1){ref-type="supplementary-material"}) as shown in [equation (1)](#m1){ref-type="disp-formula"}:with dissociation coefficient[@b63] of *α~HO~* = 5 × 10^−14^ cm^3^/s and returning back to the ground state of N~2~. Obviously, the water molecular dissociation due to the nitrogen molecules in the excited metastable state generates hydrogen atoms, which has some interest in the air plasma. Hydroxyl molecules meet oxygen atom by [equation (2)](#m2){ref-type="disp-formula"} and hydrogen atom reacts with oxygen molecules by [equation (3)](#m3){ref-type="disp-formula"}:

The reaction coefficient[@b64] of [eq. 2](#m2){ref-type="disp-formula"} is *α~O2~* = 2.4 × 10^−11^ exp(109/*T*) cm^3^/mole/s = 3.46 × 10^−11^ cm^3^/mole/s at T = 300 K. The main reactions of OH eliminations by [equations (4)](#m4){ref-type="disp-formula"} and [equation (5)](#m5){ref-type="disp-formula"}:with its rate coefficient[@b65] of *α~H2O2~* = 6.83 × 10^−31^(*T~r~/T*)^0.8^ cm^6^/mole^2^/s = 1.78 × 10^−11^ cm^3^/mole/s in air at *T* = 300 K and other [equation (5)](#m5){ref-type="disp-formula"}:with its reaction coefficient[@b64] of *α~OH2~* = 4.8 × 10^−11^ exp(249/*T*) = 1.1 × 10^−10^ cm^3^/s. Therefore, the presence of oxygen atoms in Air plasma reduces the OH radical density, results in less concentration of H~2~O~2~ formation. Whereas, Ar plasma also reacts with water to form OH radicals and hydrogen atom, but the plasma density for the Ar is ≈10^12^ to 10^13^. While for the N~2~ plasma the plasma density is ≈10^15^, hence the generation of OH radicals in N~2~ plasma is much more than Ar plasma and least for the Air plasma. Due to this action, we observed from [Fig. 1](#f1){ref-type="fig"} that N~2~ plasma has highest H~2~O~2~ and OH radicals generated followed by Ar plasma and Air plasma. However, our control experiments, we observed that the structural and chemical deformation for proteins and DNA are low as compared to the concentration of H~2~O~2~ has generated during treatment. And among all the gases N~2~ plasma has highest modification level, this shows that OH, H~2~O~2~ and ONOO^−^ plays an important role in the structural modification of Hb, Mb, DNA and amino acids. On the other hand, NO is maximum for Air plasma ([Fig. 1](#f1){ref-type="fig"} and [Fig. S5](#s1){ref-type="supplementary-material"}), but the structural modification is very less, hence NO has no major role in structural changes. It is well that NO is removed with in second by reaction with oxyhemoglobin, during in vivo analysis[@b66]. There are many studies for binding studies of Hb and Mb with NO and their structural effects[@b67]. Whereas, the reaction between the NO and O~2~^−^ produced the powerful and toxic oxidant ONOO^−^. Therefore, the presence of high amount of OH, H~2~O~2~ and ONOO^−^ for N~2~ plasma results in high oxidation of Hb, Mb and DNA, followed by Ar plasma and least in Air plasma. As we have shown that during treatment, the pH of water becomes acidic ([Fig. S6](#s1){ref-type="supplementary-material"}), so the peroxynitrite will be protonated to form peroxynitrous acid[@b66]. This peroxynitrous acid is very strong oxidant that can react with biomolecules and make the number of complex systems and it plays very important role in protein carbonylation (protein oxidation) and 8-OHdG product formation (DNA oxidation)[@b66].

These results show that plasma lead oxidation can modified and oxidized the proteins, DNA and amino acids. Due to oxidation, Fe (II) oxidized to Fe (III) and also degraded the heme group. The interaction between the heme groups and peroxide cause the pseudoperoxidase activity and plays important role in pathophysiology for many diseases[@b68]. These pathologies are related to the generation of higher oxidative states of both proteins (Hb and Mb) and proteins related radical formation[@b68][@b69]. Moreover, oxidized forms of Hb and Mb can\'t be oxygenated, hence they are physiologically inactive[@b70]. The oxidative reaction of Hb protein with H~2~O~2~ plays important role in Hb mediated tissue damage[@b71]. Hence, these results are very important for the plasma medicine to understand the action of plasma on red blood cells and tissue damage studies.

Experiment section
==================

Materials
---------

The Myoglobin, Hemoglobin proteins, calf thymus DNA, amino acids (glycine, L-glutamic acid (Glu), L-asparagine (Asn), L-arginine (Arg), L- alanine (Ala), Threonine (Thr), L-proline andLysine (Lys)) were supplied by Aldrich Chemical Co. (USA). All chemicals andreagents were used without any further purification. The 8-OHdG quantitation was analyzed using Cell biolabs, inc, OxiSelect™ oxidative DNA damage ELISA kit. The concentrations of H~2~O~2~ were measured using an Amplex H~2~O~2~ assay kit (Invitrogen, GrandIsland, NY, USA) and NO detection assay kit (Biovision, Milpitas,CA, USA), respectively, following the manufacturer\'s protocols. For calculation of peroxynitrite we prepared a solution by treating acidified H~2~O~2~ with a solution of sodium nitrite followed by addition of NaOH. The concentration is indicated by the absorbance at 302 nm at pH 12, having ε = 1670 M^−1^ cm^−1^, through this we can check the concentration of the standard[@b66]. Then, pH of solution was made 12 with the addition of NaOH and treated with plasma and monitored at 302 nm (δ denotes ± 0.4).

Measurements
------------

Quantitative and qualitative analysis of amino acids was studied using Liquid Chromatograph/Capillary Electrophoresis- Mass Spectrometer (LC/CE-MS) of Model Quattro LC Triple quadrupole mass spectrometer (Micromass & Waters), HP-1100 High Performance Liquid Chromatography (Hewlett Packard), HP-3D Capillary Electrophoresis (Hewlett Packard). Dynamic light scattering (DLS) is of Photalostuka of Zeta-potential & Particle size Analyzer ELSZ-2. They have wide size range (0.6 nm \~ 7 μm), wide concentration range (0.001% \~ 40%), for DLS we have used 1 mg/ml concentration of proteins (Hb and Mb). UV-Vis S-3100 Spectrophotometer having wavelength resolution of 0.95 nm, wavelength accuracy ±0.5 nm and wavelength reproducibility of ±0.02 nm was utilized for the analysis. The 0.5 mg/ml concentration of sample, we have used for UV-vis spectroscopy.

Fluorescence spectroscopy
-------------------------

The fluorescence spectroscopy instrument used for measuring fluorescence intensity in the present investigation is similar to that depicted in our earlier articles[@b23][@b72][@b73][@b74]. Steady-state fluorescence measurements were carried out in a Perkin Elmer LS 55 fluorescence spectrometer. The excitation wavelength was fixed at 321 nm to obtain the contribution of the degradation of heme group from the overall fluorescence emission. Slit width of excitation and emissions were set at 10 and 10 nm, respectively. The concentration for this experiment is 1 mg/ml for both proteins (Hb and Mb).

Circular dichroism spectroscopy
-------------------------------

CD spectroscopic studies[@b23][@b72][@b73][@b74] were performed using a J-815 spectrophotometer (Jasco, Japan) equipped with a Peltier system for controlling the temperature. (1S)-(+)-10-camphorsulfonic acid (Aldrich, Milwaukee, WI) was utilised for CD calibrations, exhibiting molar extinction coefficient 34.5 M/cm at 285 nm, and 2.36 M/cm molar ellipticity (θ) at 295 nm. Samples were pre-equilibrated at the desired temperature for 15 min and the scan speed was fixed for adaptative sampling (error F 0.01) with a response time of 1 s and 1 nm bandwidth. The secondary structures of Hb and Mb were monitored by using 1.0 cm path length cuvette. The concentrations for secondary structures of Hb and Mb were 0.1 mg/ml, each spectrum being an average of six spectra. Each sample spectrum was obtained by subtracting appropriate blank media without Hb and Mb from the experimental proteins spectrum. The percentages of secondary structures were then calculated by using K2D3 online software. To measure the T~m~ value (The higher the transition midpoint (T~m~) when 50% of the biomolecules are unfolded, the more stable the molecule) from CD, we have used 1 mg/ml concentration of the Hb and Mb.

Differential scanning calorimeter (DSC)
---------------------------------------

A differential scanning calorimeter VP-DSC was used to measure the melting point (*T*~m~) for Hb and Mb in the water. A biomolecules in solution is in equilibrium between the native (folded) and its denatured (unfolded) state. The bubble-free solution was placed into a reference and sample cells are fixed in place lollipop shaped vessels with effective volumes of approximately 0.5 ml and sealed using a press. The approximate volume of each cell stem was 0.5 ml. The concentration of the proteins were 2 mg/ml of Hb and Mb. The DSC operates in the temperature range of 1°C to 110°C. The cells were allowed to stabilize at 20°C inside the calorimeter before heating up to 100°C with a scanning rate of 1.0°C/min. All DSC measurements were carried out in triplicate. The uncertainties of temperature and heat flow readings are ±0.02°C and ±0.1%, respectively. To obtain accurate results, the instrument was calibrated with pure water and sapphire. Each value is the average over three measurements. The error in *T*~m~ does not exceed ±0.1°C.

Determination of Hb and Mb protein oxidation
--------------------------------------------

Oxidation of proteins (Hb and Mb) were determined using methods reported earlier[@b75]. Cold trichloroacetic acid was used to precipitate Hb and Mb and the final concentration being 10% (v/v). Samples were centrifuged at 11,000 g for 3 min after a 10 min incubation period at 4°C, followed by resuspension of the Hb and Mb pellet in 0.5 ml of 10 mM 2,4-dinitrophenylhydrazine (DNPH)/2 M HCl. After that, samples were placed in a sample holder, vortexed continuously at room temperature for 1 h and then precipitated with 0.5 ml of 20% TCA followed by centrifugation at11,000 g for 3 min. To remove free DNPH reagent, the pellet was washed with 1 ml of ethanol-ethyl acetate (1:1(v/v)) and then allowed to stand for 10 min. Further, the sample was centrifuged for 5 min at 11,000 g and the supernatant was then discarded. The washing procedure was repeated twice. After completing the above steps, the resulting Hb and Mb pellets were resuspended in 1.0 ml of 6 M guanidine with 2 mM potassium phosphate buffer (pH 2.3, adjusted with trifluoroacetic acid) and now samples were incubated at 37°C for 15--30 min. Samples having difficulties going into solutions were briefly sonicated and incubated at an increased temperature of upto 70°C. In order to remove any insoluble material remaining in the suspension, all samples were then centrifuged. The concentration of DNPH was determined at its maximum wavelength of 360 nm and the levels of proteins oxidation were quantified by using the molar absorption coefficient of 22, 000 M^−1^ cm^−1^. Protein oxidation content was expressed as % in comparison to control.

In silico molecular modeling and docking parameters
---------------------------------------------------

To explore the bioactive site of H~2~O~2~ with amino acids of Hb and Mb, the Sybyl × 2.0 interfaced with Surflex-Dock module was exploited for molecular docking. The ligand is automatically docked into binding pocket of a target protein by using protomol-based algorithm and empirically produced scoring function. The X-ray crystallographic structures of Hb (PDB:1A3N)[@b76] and Mb (PDB:3RGK)[@b77] protein receptor were taken from the protein data bank (PDB) and modified further for docking calculations. During protein preparation, co-crystallized ligand, water molecules were removed from the structure, and H atoms were added without disturbing the side chains. Protein structure minimization was performed by applying Tripos force field and Gasteiger-Huckel method was used to calculate the partial atomic charges. In the reasonable binding pocket, all the compounds were docked into the binding pocket and 20 possible active docking conformations with different scores were obtained for each compound. During the docking process, default values were taken for all of the other parameters[@b78][@b79].

Atmospheric Pressure Plasma Device (APPJ)
-----------------------------------------

The soft plasma comprised of components mainly, electrodes, dielectrics, and a high-voltage power supply[@b72][@b73][@b74]. Voltage of 60 Hz at 60 V was input into a commercial transformer, resulting in an output frequency of approximately 8 kHz. The Air, N~2~ and Ar gas (99.99% pure) flow rate was 1.0 lpm, and a plasma jet plume was ejected into the open air through a 1 mm hole. The OES spectra of the APPJ emission were recorded by the use of HR4000CG-UV-NIR (Ocean Optics, FL, USA) and optical fiber (QP400-2-SR) with a diameter of 400 mm, in the humid free atmosphere (The vacuum chamber is fabricated to study the activity in a closed environment). UV over a wide wavelength range 200--1100 nm without solution. The signal was accumulated for 3 min, and the data was analyzed using the Origin 8.0 software package. The emission spectra was recorded as illustrated in [Figs. S2--S5](#s1){ref-type="supplementary-material"}.

pH and temperature measurement
------------------------------

After exposure of plasma for 3 min in water, the pH and temperature of the water was measured using a pH meter (Eutech Instruments, Singapore) and Infrared (IR) camera (Fluke Ti100 Series Thermal Imaging Cameras, UK). All measurements were carried out in triplicate.

NMR studies
-----------

Spectra were recorded on a Bruker DRX 500 MHz NMR spectrometer equipped with a cryoprobe at 25°C. The spectra are the result of 1000 scans, 1 s (delay time) at 25°C, and were processed with Bruker Topspin version 2.1. The concentration of Hb and Mb in all solutions used for NMR spectroscopy was 4 mg/ml. About 10% of ^2^H~2~O was added to provide an internal-field-frequency lock signal[@b80][@b81].

Sample Preparation
------------------

Protein stability was analysed by incubating 2 ml screw-capped vials in deionized water, at 25°C for 4 h to attain complete equilibrium. The samples were treated at 6 mm distances from the soft plasma tip for 3 min, then incubated for 4 h at room temperature. The concentration of proteins after the plasma treatment is determined by the Bradford method[@b82]. Three samples were treated for each condition to minimize the error.

Statistical analysis
--------------------

All values are represented by the mean ± S.D of the indicated number of replicates. Statistical analyses of the data were performed using student\'s t-test to establish significance between data points, and significant differences have been based on the P \< 0.05 or P \< 0.01.
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![H~2~O~2~, NO and OONO^−^ concentration changes in physiological solutions exposed to Air, N~2~ and Ar plasma in water after 3 min treatment.\
All values are expressed as ± SD in triplicates. Students\'t-test was performed to control (\* denotes P \< 0.05, \*\* denotes P \< 0.01 and δ ± 0.4).](srep08221-f1){#f1}

![(a) Far-UV CD spectra analysis of Mb; (b) Far-UV CD spectra analysis of Hb; (c) Fluoresence analysis of Mb and (b) Fluoresence analysis of Hb.Where proteins without treatment (black), proteins treated with Air plasma (red), proteins treated with N~2~ plasma (blue) and proteins treated with Ar plasma (green).The data points are average values of at least six determinations, the error bars indicating ± mean deviation.](srep08221-f2){#f2}

![Protein oxidation (carbonyl content) (a) Hb and (b) Mb for proteins, proteins treated with Air plasma, proteins treated with N~2~ plasma, proteins treated with Ar plasma for 3 min and proteins treated with 60 μM of H~2~O~2~.\
All values are expressed as ± SD in triplicates. Students\'t-test was performed to control (\*denotes P \< 0.05 and \*\* denotes P \< 0.01).](srep08221-f3){#f3}

![In silico molecular docking showing the binding site residues within a selection radius of 4 Å from bound H~2~O~2~ revealing the hydrophobic pocket of active conformation.\
Binding sites of human (a) Hb (PDB:1A3N) and (b) Mb (PDB:3RGK) protein receptor. The docking studies were carried out using SYBYL-X 2.0.](srep08221-f4){#f4}

![^1^H NMR of Hb before and after treatment in different feeding gases.](srep08221-f5){#f5}

![^1^H NMR of Mb before and after treatment in different feeding gases.](srep08221-f6){#f6}

![(a) CD spectra of ctDNA with soft plasma treatment in the presence of different feeding gases black (control), red (Air plasma), blue (N~2~ plasma) and green (Ar plasma) and with 60 μM of H~2~O~2~ (magenta),The data points areaverage values of at least six determinations, the error bars indicating ± mean deviation.; (b) Relative percentage of 8-OHdG formation in the presence of different feeding gases and with 60 μM of H~2~O~2~. All values are expressed as ± SD in triplicates. Students\'t-test was performed to control (\* denotes P \< 0.05 and \*\* denotes P \< 0.01).](srep08221-f7){#f7}

![Change in the molecular structure of Amino acids after the treatment with soft plasma.](srep08221-f8){#f8}

###### Secondary structure composition of Hb and Mb, determined from Far UV CD spectra in different media at 20°C determined by K2D3

  Sample       α-sheet (%)   β-sheet (%)
  ----------- ------------- -------------
  Hb               67           8.00
  Hb + Air         68           8.01
  Hb + N~2~        60           10.00
  Hb + Ar          66           9.00
  Mb               90           0.40
  Mb + Air         91           0.30
  Mb + N~2~        65           2.00
  Mb + Ar          87           0.40

###### Evaluation of a LC/CE-MS method for quantitative amino acid analysis before and after the APPJ treatment in different feeding gases

  Amino acids        Control (μg/ml)   Air plasma (μg/ml)   N~2~ plasma (μg/ml)   Ar plasma (μg/ml)
  ----------------- ----------------- -------------------- --------------------- -------------------
  Glycine                321.621            392.603               358.983              372.428
  L-Glutamic acid        125.905            154.270               165.820              135.203
  L-Asparagine           142.092            223.006               127.954              152.760
  L-Arginine             164.200            216.779               208.316              180.331
  L-Alanine              215.404            273.321               290.671              261.111
  L-Threonine            235.175            799.575               785.921              762.577
  L-Proline              81.939             243.887               249.620              225.251
  L-Lysine               87.828             102.030               99.687               90.909
